Maternally inherited Wolbachia bacteria are extremely widespread among insects and their presence is usually associated with parasitic modifications of host fitness. Wolbachia pipientis infects Drosophila melanogaster populations from all continents, but their persistence in this species occurs despite any strong parasitic effects. Here, we have investigated the symbiosis between Wolbachia and D. melanogaster and found that Wolbachia infection can have significant survival and fecundity effects. Relative to uninfected flies, infected females from three fly strains showed enhanced survival or fecundity associated with Wolbachia infection, one strain showed both and one strain responded positively to Wolbachia removal. We found no difference in egg hatch rates (cytoplasmic incompatibility) for crosses between infected males and uninfected females, although there were fecundity differences. Females from this cross consistently produced fewer eggs than infected females and these fecundity differences could promote the spread of infection just like cytoplasmic incompatibility. More surprising, we found that infected females often had the greatest fecundity when mated to uninfected males. This could also promote the spread of Wolbachia infection, though here the fitness benefits would also help to spread infection when Wolbachia are rare. We suggest that variable fitness effects, in both sexes, and which interact strongly with the genetic background of the host, could increase cytoplasmic drive rates in some genotypes and help explain the widespread persistence of Wolbachia bacteria in D. melanogaster populations. These interactions may further explain why many D. melanogaster populations are polymorphic for Wolbachia infection. We discuss our results in the context of host-symbiont co-evolution.
Introduction
Vertical transmission and an endosymbiotic lifestyle will favor the evolution of mutualistic interactions between bacteria and their hosts (Anderson and May, 1982; Bull et al, 1991; Lipsitch et al, 1995) . As mutualistic endosymbionts are often maternally inherited, natural selection should favor endosymbionts that improve the fitness (survival and fecundity) of female hosts because they transmit the endosymbionts (Turelli, 1994) . Wolbachia is a genus of maternally inherited a-Proteobacteria that form a monophyletic group with pathogenic Ehrlichia and Rickettsia bacteria (Anne-Veronique et al, 2003) . Wolbachia are extremely widespread among arthropods and may infect as many as 76% of all insect species (Werren et al, 1995a; Jeyaprakash and Hoy, 2000) . As Wolbachia are maternally inherited, they should provide fitness benefits to their hosts and in some cases they do. For example, in nematode worms (Bandi et al, 1999) and a parasitic wasp (Dedeine et al, 2001 ), Wolbachia infection is necessary for normal host reproduction. However, these mutualistic examples are considered atypical because Wolbachia usually manipulate their host's reproduction in ways that enhance bacterial transmission. Wolbachia's reproductive manipulations often have a fitness cost to male hosts, which can be genetically transformed into females, or killed, when Wolbachia are present (reviewed in Stouthamer et al, 1999) . One explanation for the widespread occurrence of maternally inherited and parasitic Wolbachia is that Wolbachia must undergo some horizontal transmission among hosts. Such horizontal movement between suitable host species has been well documented in the laboratory and inferred from phylogenetic reconstructions of different Wolbachia genes (Werren et al, 1995b) .
In the vinegar fly genus Drosophila, Wolbachia causes an egg mortality phenotype known as cytoplasmic incompatibility (CI). CI has been studied in several taxa including D. simulans (eg, Hoffmann et al, 1986 Hoffmann et al, , 1990 Hoffmann and Turelli, 1988) and D. melanogaster (Hoffmann et al, 1994 Solignac et al, 1994) . CI is manifest as severe egg mortality (up to 95%) when an infected male mates with an uninfected female (reviewed in Werren, 1997) . This phenotype provides indirect fitness benefits to infected females and allows Wolbachia bacteria to colonize a host population (Caspari and Watson, 1959; Fine, 1978; Turelli, 1994) . In D. melanogaster, CI strength is surprisingly variable (Solignac et al, 1994) and often weak (Hoffmann et al, 1994 compared to the strong incompatibility induced by closely related Wolbachia strains in D. simulans (Hoffmann et al, 1990) . Despite weak and variable CI strength, Wolbachia are present in D. melanogaster populations from all continents. This widespread distribution could reflect an ancient historical association between D. melanogaster and Wolbachia, which predates the emergence of D. melanogaster from Africa and into its current geographic distribution. However, the observations of weak and variable CI in D. melanogaster and the widespread occurrence of Wolbachia among D. melanogaster populations has led to the suggestion that Wolbachia must confer some fitness advantage to D. melanogaster females (Hoffmann et al, 1994 Solignac et al, 1994) . To investigate this, Hoffmann et al (1994 Hoffmann et al ( , 1998 ) compared infected and uninfected flies for laboratory fecundity, sperm competition, fluctuating asymmetry, and thorax length measured from field-collected flies. They found no detectable fitness effects attributable to Wolbachia infection. However, several recent studies have suggested some potential symbiont effects. Reynolds and Hoffmann (2002) showed that CI induction in D. melanogaster could be very strong in young males, which could help explain the persistence of Wolbachia if wild males mate when they are 1-2 days old. In addition, Olsen et al (2001) described positive fecundity effects associated with Wolbachia infection in Australian D. melanogaster, but these effects depended on the nuclear background of the host.
We investigated Wolbachia's effects on D. melanogaster fitness for three reasons. First, Min and Benzer (1997) described an unusual Wolbachia strain, called wDmpopcorn, which severely reduced D. melanogaster survival. We tested D. melanogaster for survival effects associated with its naturally occurring Wolbachia strain, called wDm. Second, some Wolbachia effects, like CI and bacterial density, are known to decline with male host age (eg, Hoffmann et al, 1986) , and there may be age-specific survival or fecundity effects. Third, Wolbachia affects host reproduction and there is often a negative correlation between survival and certain aspects of reproduction (eg, Fowler and Partridge, 1989; Chapman et al, 1998) . We measured survival, egg to adult viability, fecundity, and the strength of cytoplasmic incompatibility for all crosses between infected and uninfected D. melanogaster flies. Our experiments were conducted in the laboratory with large sample sizes to reduce uncontrolled environmental variation. We also included an uninfected treatment control strain to test for effects of antibiotic treatment to remove Wolbachia bacteria. We found evidence for both positive and negative fitness effects associated with Wolbachia bacteria. Our results suggest the presence of segregating fitness variation associated with the Wolbachia pipientis-Drosophila melanogaster symbiosis. We suggest that this segregating variation could help explain the persistence of Wolbachia bacteria in D. melanogaster and also suggests that normally parasitic Wolbachia might have neutral or even beneficial effects in some insect hosts.
Materials and methods
Drosophila strains, antibiotic treatment, and DNA sequencing We used five D. melanogaster laboratory strains that carry the endosymbiotic bacterium W. pipientis. They are Z53 and Z2, both from Zimbabwe Africa, and were collected at the Sengwa Wildlife Reserve in 1990 (see Wu et al, 1995) . The other strains, Ftf1 and Ftf100, were both collected in 1992 from Four-Town Farm in RI, USA. A fifth laboratory strain, WJ9, was provided by Marc Tatar (Brown University). These laboratory strains were started as isofemale lines, have been in laboratory culture for several hundred generations, and are highly inbred. All Wolbachia strains used in this study share identical 16S rDNA sequences, and share identical sequences at wsp, one of the most highly expressed and variable Wolbachia genes (Braig et al, 1998) . To create genetically similar infected and uninfected fly lines from a single infected stock, we used an antibiotic treatment protocol that has been widely employed (eg, Hoffmann et al, 1994; Poinsot and Mercot, 1997; Bordenstein and Werren, 1998; Dobson et al, 2002) . We created uninfected or treated (T) fly lines by adding 0.25 mg/ml of the antibiotic tetracycline in water to Carolina dry food in a 1:1 mix. We did this for two discrete generations to ensure that Wolbachia were completely removed. Our Wolbachia-infected (W) lines received identical food and environment as the T lines, except that tetracycline was not added. After treatment, we confirmed the infection status of all lines using Wolbachia-specific 16S rDNA PCR primers (O'Neill et al, 1992) . Individual PCR was performed on at least 25 flies from each T and W line to insure against contamination of treated stocks and to insure that infected stocks remained infected. PCR checks were also carried out at each generation after treatment to insure the continued status of T and W lines.
To ensure that differences between T and W lines were not due to tetracycline treatment, three procedures were used. First, we treated an uninfected fly strain, RIredE, to determine the affect of tetracycline treatment on its survival. Second, because Clancy and Hoffmann (1998) have shown that tetracycline treatment can depress Drosophila fitness, we held our flies for two generations on tetracycline-free food after treatment, but before the experiments. This was done to minimize the maternal effects of treatment. Third, fecundity was assayed from two fly strains at two different times (two and ten generations after treatment). We did this because previous studies have shown that treatment to remove CI expressing Wolbachia can have temporary fitness effects on some hosts, like Nasonia vitripennis (Bordenstein and Werren, 2000) and D. simulans (Poinsot and Mercot, 1997) . Unlike these studies, however, D. melanogaster has only one Wolbachia strain that does not induce strong CI. All fly strains used in this study were maintained in population cages that hold six food bottles and approximately 1000 adult flies. Flies were maintained in this way for 10 generations prior to tetracycline treatment, during treatment, and for all generations following treatment. To control larval density at each generation, we allowed adult flies to deposit approximately 120-150 eggs in each food bottle to initiate the next generation.
Survival
At the start of the third generation post-treatment, we measured age-specific survival of T and W lines by placing 100 virgin males and 100 virgin females into three replicate demography cages. The demography cages were made from quart-serving plastic containers, with a screened lid, and a side coupling of the same dimension as a standard food vial. The cages were placed in a walk-in incubator and kept on a 12L:12D photoperiod at 251C and 40% relative humidity. The food vials were replaced every other day and dead flies were removed with an aspirator, sexed and counted. The cages were monitored in this way until nearly all the flies had died. Survival was analyzed with a semiparametric proportional hazards statistical model (Cox, 1972) . In this model, our dependent variable was the time of death measured to the nearest 48 h, with fly strain (Z53, Z2, Ftf1, Ftf100, and WJ9), infection status (T or W), sex (male or female), and their interactions as predictors. Survival curves from T and W lines were compared using logrank tests.
We estimated age-specific mortality models for T and W lines using maximum likelihood because linear regression of log-mortality rates on age can produce biased estimates of mortality model parameters (Mueller et al, 1995; Promislow et al, 1997; Pletcher, 1999) . Four mortality models were considered (Vaupel and Yashin, 1985) . The Gompertz (G) model describes an exponential increase in mortality rate with age and is given by
, where m (x) is the mortality rate at age x, a is the initial mortality rate or intercept, and b is the slopeor age-dependent increase in mortality. The GompertzMakeham (GM) model is the Gompertz plus a parameter, C, that describes age-independent mortality. The logistic (L) model is the Gompertz plus a frailty parameter, s, to describe late-life mortality rate deceleration. The Makeham and logistic models can be combined with the Gompertz to produce a four-parameter logistic-Makeham (LM) model. Since these models are nested, likelihood ratio tests were used to compare model parameters from T and W lines. We partitioned the total difference in mortality between T and W lines into the additive contributions of each parameter to understand which parameters contributed most to the overall mortality difference (Pletcher et al, 2000) .
Fecundity and cytoplasmic incompatibility
Fecundity was measured at the start of the third generation post-treatment. We measured fecundity from all experimental strains except WJ9 because the infected stock was accidentally treated following the survival assays. For each fly strain, four crosses were made and are numbered throughout this report as follows: (1) W male Â T female, (2) T male Â W female, (3) T male Â T female, (4) W male Â W female. Each cross was replicated 50 times. For each cross, a newly eclosed single female and two same-aged males were placed into food vials to mate and lay eggs. If one of the males died, it was replaced with an appropriately aged male to insure continued access to sperm. The flies were transferred to fresh food vials at the same time each day and the number of eggs deposited in the food vials during the previous 24 h was recorded. For strains Ftf100 and Z2, eggs were collected during a 24 h period, 16 h after eclosion, and 8 h after mating. A second fecundity measure was taken on these strains at 5 days posteclosion. For two fly strains, Z53 and Ftf1, we measured the lifetime fecundity by counting eggs every day (Z53) or every other day (Ftf1) until all the females had died.
CI was measured at the start of the third generation post-treatment. CI exists when the proportion of eggs hatching from the incompatible cross (cross 1) is significantly less than for compatible crosses (crosses 2-4). CI was measured by holding the egg-counting vials from the fecundity assays for an additional 35-40 h when the number of unhatched eggs in each vial was recorded and compared with the previous egg counts. For strains Ftf1 and Z53, CI was measured 7 days after females had mated. For all the four strains, CI was measured with young males during a 24 h period, 16 h after males and females had eclosed, and 8 h after mating. This was done to allow comparison with two fly strains reported in a previous study of CI in D. melanogaster (Weeks et al, 2002) .
Viability
Larval to adult viability was measured at the start of the third generation post-treatment and was scored for each fly strain from eggs deposited by females during a 24 h period, 16 h after eclosion, and 8 h after mating. The protocol was to hold food vials containing eggs for 14 days after egg laying and count the number of emerging adults. The number of emerging adults was then compared with the number of hatched eggs recorded previously for that vial. As for fecundity and CI, we started with 50 female replicates for each of the four crosses.
Results

Survival
The proportional hazards analysis revealed strong effects of treatment to remove Wolbachia, fly strain, and sex on survival as well as significant interactions between and among them ( Table 1) . As there were no significant differences between the replicate cages for any of the factors investigated, those data are pooled and replicate cage is not considered a factor in the analysis. Wolbachia infection produced a strong and significant survival response in three of five D. melanogaster strains (see risk ratios in Table 2 ). Two strains, Z53 and Ftf1, lived longer when infected with Wolbachia (Figure 1 ), although these differences were age dependent. A survival response was also seen in females and Ftf1 males (not shown). Infected Z53 males lived longer than uninfected Z53 males (Figure 1 ), but the difference was not significant (P ¼ 0.06). One fly strain, WJ9, showed decreased survival ( Figure 2 ) associated with Wolbachia infection as both males and females survived approximately 12% longer than infected flies ( Table 2 ). The two remaining experimental fly strains, Z2 and Ftf100, showed no survival effect associated with Wolbachia or tetracycline Main effects are fly strain (Z53, Z2, Ftf1, Ftf100, WJ9), sex (male or female), and treatment (T or W). Likelihood ratio w 2 value and associated probability are given. Table 2 ). Neither males nor females from the uninfected control strain, RiRedE, responded to tetracycline treatment or Wolbachia removal (P40.05), suggesting that tetracycline treatment itself was an unlikely cause for the survival effects we observed.
Age-specific mortality rates of T and W lines are shown in Figures 1 and 2 . Mortality curves are plotted as [Àln(N t þ 1 /N t )] versus age, where N t and N t þ 1 are the numbers of individuals alive during consecutive time intervals. For T and W lines the best-fitting mortality model was estimated, and for each mortality curve the intercept (a), slope (b), Makeham constant (C), and frailty parameter (s) were estimated using maximum likelihood (Pletcher, 1999) . The T and W mortality curves were different for females from three strains, Z53, Ftf1, and WJ9. Only WJ9 showed a significant difference in best-fit mortality model (see Table 2 ). In WJ9, the mortality curve of T females is best described by a Gompertz model, whereas a logistic-Makeham model is best for W females. The bottom of Table 2 gives the percent contribution of each mortality model parameter to the total difference in mortality observed between T and W lines. The females from WJ9 differ primarily in the rate of aging (b), 35%, and in the initial mortality rate (a), 64%, but the parameters C and s, which account for the different best-fit mortality models, contributed very little (o2%). In Z53 and Ftf1, the mortality differences between T and W lines were due to differences in the intercept (a) and slope (b) of the mortality models.
Fecundity and cytoplasmic incompatibility
Three of four Drosophila strains showed a significant decrease in fecundity after Wolbachia were removed with antibiotics. Infected (W) females from Ftf1 and Ftf100 produced significantly more eggs than uninfected (T) females (ie, crosses 2 and 44crosses 1 and 3) during time 1 (Table 3 ). The African fly strains Z53 and Z2 did not show a fecundity effect during this time or during time 2. However, the analysis of lifetime fecundity revealed that, in Z53, cross 2 produced significantly more eggs than cross 1, the 'CI cross' (although no CI was detected, see below). This pattern is evident in Figure 3 . By dividing the first 20 days of egg laying into 5-day intervals, we find that between days 6 and 15 (Figure 3 , panels B and C) Z53 shows the same pattern of increased fecundity, as does Ftf1. In Z53, cross 2 was significantly more fecund than cross 1 during all time periods, even though traditional comparisons of uninfected and infected mating (cross 3 versus 4) would not find differences during the first 5 days or the last 5 days (Figure 3, panels A, D) .
During the third generation following tetracycline treatment, we tested our fly strains for CI at two egglaying times: right after eclosion and 1 week later. The first occurred during a 24 h egg-laying period beginning 16 h after eclosion (strains Ftf1, Ftf100, Z53, Z2) and the second during another 24 h collection period occurring 7 days after eclosion (Ftf1, Z53). Contrary to an earlier report of strong CI induction when infected males are very young (Weeks et al, 2002) , we found no evidence for early CI as there were no significant differences in egg hatches among the four crosses (Table 4 , time 1). No significant hatch differences were detected at 7 days post-eclosion either. Unlike the Weeks et al (2002) study, we found that egg hatch proportions were higher, not lower, early in life (Table 4 , compare Ftf1 and Z53 times 1 and 2), indicating that CI is not present in our fly strains. Furthermore, our data indicate that strong and early CI cannot be a general phenomenon among Wolbachia-infected D. melanogaster fly strains .
Viability
Viability was also measured on flies three generations removed from tetracycline treatment. We measured the egg to adult viability by counting the number of emerging adults 14 days after eggs were deposited into food vials (Table 5 ). There were no significant differences in the proportions of hatched eggs developing into adults for any of the fly strains except Ftf1. In Ftf1, the viability of cross 3 (T Â T) was significantly less than cross 2 (T male Â W female). However, due to the 'ideal' laboratory conditions in which our flies were reared, the viability of strains Ftf1, Ftf100, and Z53 was high, about All entries compare Wolbachia-infected (W) and tetracycline-treated (T) D. melanogaster strains. For each fly strain and sex, Wolbachia's positive (+) or negative (À) survival effect is indicated. The risk ratio compares the risk of death or hazard. Survival curves were compared with logrank tests. w 2 and associated P-values reported. Mortality models (see text) with the highest likelihood scores are indicated. In many cases, two mortality models fit the data equally well. Entries for a, b, C, and s give the percent contribution of that model parameter to the total difference in mortality between W and T lines for a given fly strain and sex.
85% for the four crosses, but was about 10% less (75%) for strain Z2 (Table 5) . Previous crossing experiments have suggested that strain Z2 carries deleterious mutations for fitness characters (Fry and Rand, 2002) .
Discussion
There was no evidence for cytoplasmic incompatibility in our D. melanogaster fly strains. We tested CI at two times: CI was measured using adult flies that had eclosed 16 h earlier, and CI was measured again on the same fly strains when the imagoes were 7 days old. Our results contrast with an earlier report of strong CI when infected D. melanogaster males are young . We found no evidence for early CI at any time, as there were no significant differences in egg hatch among the four crosses (Table 4) . In previous studies of CI in D. melanogaster (eg, Weeks et al, 2002; Reynolds and Hoffmann, 2002) , the age of the females used is not clear, nor is there mention of whether unhatched eggs had received a complement of paternal chromosomes. In this report, CI was measured with males and females of nearly identical age, and we did not check unhatched eggs for paternal chromosomes because egg hatch proportions were generally high and did not differ among the crosses (Table 4) . Our data from four Drosophila strains, representing both North American and African populations, do not support the generality of strong or early cytoplasmic incompatibility in D. melanogaster. Clearly, additional D. melanogaster strains must be examined to determine if early and strong CI can explain the persistence of Wolbachia infection among worldwide populations of D. melanogaster. Table 2 ). Mortality rates are (Àln(N t þ 1 /N t )), where N t and N t þ 1 are the number of individuals alive during consecutive time intervals. Mortality parameters were compared with likelihood ratio tests ( Table 2 ).
In the absence of reproductive modifications such as cytoplasmic incompatibility, Wolbachia should be lost from D. melanogaster host populations. This is true unless Wolbachia infection confers some fitness advantage to infected females or manipulates host reproduction in ways that are not yet appreciated. Our results indicate that Wolbachia bacteria can have variable affects on D. melanogaster fitness. After antibiotic treatment to remove Wolbachia, uninfected flies from strain WJ9 survived significantly longer than infected flies (Figure 2) . Furthermore, WJ9 females were the only strain to show a difference in best-fit mortality model between T and W flies. One interpretation from Table 2 is that Wolbachia infection has removed a source of age-independent mortality (C) and reduced the frailty (s) of infected females relative to uninfected females, even though the latter survived longer. However, these two parameters together contributed less than 4% to the total difference in mortality between WJ9 T and W flies. It is worth noting that the statistical power to detect differences in the parameters C and s is strongly dependent on sample size. There is low power at the beginning of the survival experiments because few individuals die at the earliest ages (C), and there is also low power at the end of the (Table 2) . survival experiments because there are few individuals left to die at the latest ages (s). Therefore, our power to detect differences in C and s may be less than for the slope (b) and intercept (a). That the differences in WJ9 females are significant by likelihood ratio tests suggests that Wolbachia's negative effects on fitness could be produced differently than Wolbachia's positive effects on fitness (Table 2) . Negative fitness effects, like those we found in strain WJ9, have been reported previously in Drosophila. For example, in the closely related D. simulans, Hoffmann et al (1990) found that Wolbachia produced a 10-20% reduction in female fecundity. In The proportion of eggs hatching from each of four crosses (W Â T ¼ Wolbachia male crossed to treated female). Entries are the mean proportion of eggs hatching (sample size, SE). Time 1 ¼ 24 h sampling period 16-40 h after eclosion. Time 2 ¼ 24 h collection period at 7 days post-eclosion. There were no significant differences among the crosses within any strain. addition, Snook et al (2000) found that infected D. simulans males produced fewer sperm cysts. In D. melanogaster, fitness is severely reduced by the virulent wDmpopcorn Wolbachia strain (Min and Benzer, 1997) that is different from the wDm Wolbachia strain typically found in D. melanogaster and carried by our fly strains. Although wDmpopcorn and wDm share identical wsp sequences (McGraw et al, 2001) , and both can negatively affect the fitness of D. melanogaster, they apparently affect fitness in different ways and are considered distinct Wolbachia strains (Min and Benzer, 1997) . All our D. melanogaster strains carry the wDm Wolbachia strain, which is found in natural populations. Treatment to remove Wolbachia bacteria produced no fitness response in fly strain Z2. Survival curves from infected and uninfected flies were not significantly different (Table 2) , nor were there any differences in fecundity (Table 3) , cytoplasmic incompatibility (Table 4) , or egg to adult viability among the crosses (Table 5 ). Wolbachia's fitness effects have been documented in other D. melanogaster strains Olsen et al, 2001 ). In the latter study, small sample size and leastsquares analysis of mortality may have precluded the detection of significant survival differences (see Pletcher (1999) and references therein). We have recently demonstrated that the expression of Wolbachia-induced survival phenotypes can depend on inbreeding. For example, strain Z2, discussed in this report, shows no survival effect associated with Wolbachia; however, when Z2 flies are hybridized to Z53, infected F1 flies of both sexes survived significantly longer (Fry and Rand, 2002) . Thus, the presence or absence of Wolbachia effects probably depends on other factors and more work is needed to determine which among those factors are most important.
Treatment to remove Wolbachia bacteria had a significant negative effect on the fitness of three D. melanogaster strains, Z53, Ftf1, and Ftf100. However, the positive fitness effects we observed were variable. For example, infected Z53 females showed better survival late in life, but seem to suffer heavier mortality early in life (Figure 1a) . Lifetime fecundity measured from these Z53 females revealed no significant effect on Wolbachia infection (crosses 3 and 4 are not different). However, if one considers crosses 1 and 2 as well, then infected females lay more eggs than uninfected females regardless of the males' infection status. Although we did not directly measure male fertility, uninfected males might have better fertility than infected males because cross 2 was often more productive than cross 1. We reported previously that Wolbachia could be associated with increased costs of reproduction in males from strains Z53 and Z2 (Fry and Rand, 2002) . Wolbachia are known to interfere with sperm competition in Tribolium beetles (Wade and Chang, 1995) , but similar effects have not been demonstrated in D. simulans or D. melanogaster (Hoffmann et al, , 1990 . Despite theoretical work showing that Wolbachia's effects should be concentrated in females (eg, Turelli, 1994) , our data suggest there may be more Wolbachia effects in males than previously recognized (Fry and Rand, 2002 ) and more work is needed to determine the scope of Wolbachia's fitness effects in males.
Fly strains Ftf1 and Ftf100 also showed strong or variable positive fitness effects associated with Wolbachia infection. For example, strain Ftf100 showed no significant survival effect, but Wolbachia infection was associated with increased female fecundity during the earliest egg collection period (Table 3 , time 1, crosses 2 and 44crosses 1 and 3). However, this fecundity advantage was not evident on day 5 (Table 3 , time 2). Unlike Z53 and Ftf100, only strain Ftf1 showed strong and persistent positive fitness effects associated with Wolbachia infection. Infected flies of both sexes survived significantly longer than uninfected flies ( Figure 1b ; Table 2 ). Infected females from Ftf1 also laid significantly more eggs during their lifetime, regardless of the male's infection status (ie, crosses 2 and 44crosses 1 and 3; Table 3 ). In addition, Ftf1 was the only strain to show a significant difference in egg to adult viability (Table 5) . Here cross 2 was greater than cross 3. Our data provide compelling evidence for an association between Wolbachia bacteria and strong fitness effects in D. melanogaster. Consistent with our results, Olsen et al (2001) reported a dependence of Wolbachia-associated fecundity effects on the nuclear background of the host. Our data support a strong effect of host nuclear background and further suggest that Wolbachia's fitness effects can be strongly host-age dependent (Figure 3) .
The fitness effects reported above are variable and appear to depend strongly on a number of factors including host nuclear background and gender, among other things. As an antibiotic treatment protocol is used to create uninfected fly stocks from infected fly stocks, there is a possibility that treatment itself could have produced the fitness effects we observed. Some previous studies of Wolbachia have included measures to guard against treatment effects. For example, Poinsot and Mercot (1997) used an uninfected treatment control in a study of Wolbachia fitness effects in D. simulans. Figure 4 Cytoplasmic drive rates predicted for four D. melanogaster strains. Strain Ftf1, circle; strain Z53, square; and strains Ftf100 and Z2, triangle. The initial frequency was set to 0.01. We used a 0.1 value for the fraction of uninfected eggs produced by an infected female (Olsen et al, 2001) . The relative fecundity of uninfected females was determined by averaging crosses 1 and 3, then 2 and 4, and comparing the averages (Table 3) . Note the logarithmic scale of the ordinate axis.
rifampicin for fitness effects on the Wolbachia host Asobara tabida. Like Poinsot and Mercot (1997) , Dedeine et al (2001) did not detect significant effects of antibiotic treatment on the fitness of their Wolbachia host. We also used an uninfected treatment control (RIredE) to test for effects of tetracycline treatment on D. melanogaster survival. There were no significant effects of tetracycline treatment on the survival of male or female RiRedE flies (data not shown). Two other sources of error could compromise our conclusions. First, we cannot discount the possibility that tetracycline treatment could have killed other bacteria or important symbionts in our fly strains and that these symbionts acting alone or interacting with Wolbachia could have produced the genotype-specific fitness effects we observed. However, much more work is needed to determine the identity of potential symbionts living with D. melanogaster and whether these symbionts influence host fitness or are affected by antibiotic treatment. Second, tetracycline treatment could have caused T and W flies to become genetically differentiated. To minimize this, we used inbred fly stocks in these experiments. All our fly strains were started with single, gravid, females and have been in laboratory culture for several hundred generations with brother-sister mating. Uninfected fly stocks were created directly from the infected stocks by antibiotic treatment. To see if there were transcriptional differences created by the antibiotic treatment, in our strongest responding fly stock, Ftf1, we used Affymetrix cDNA microarrays to examine transcriptional differences between infected and uninfected females from strain Ftf1. There was no evidence that named loci involved in antibiotic tolerance or resistance were transcriptionally altered by tetracycline treatment two generations after antibiotic treatment. These data support our contention that the fitness effects we found were not due to antibiotic treatment, but are instead most likely due to the presence or absence of Wolbachia bacteria.
The experiments reported above demonstrate that certain strains of Drosophila melanogaster die faster and lay fewer eggs when treated with antibiotics to remove Wolbachia. These beneficial effects are not observed in all fly strains: some showed no fitness effects associated with Wolbachia removal, while one strain lived longer when cleared of Wolbachia. None of the strains we studied exhibited CI, and this was confirmed at the earliest ages for nearly all of the fly strains. Since CI is weak or absent in D. melanogaster and previous studies have not detected clear fitness benefits of infection, the maintenance of Wolbachia in D. melanogaster remains unexplained (Hoffmann et al, 1994 Solignac et al, 1994; Olsen et al, 2001) . Based on these observations and the experiments reported here, we suggest that Wolbachia might be maintained in some D. melanogaster populations by host-symbiont interactions that produce positive fecundity or longevity effects.
The positive fitness effects associated with Wolbachia infection in D. melanogaster could help promote the spread of infection throughout a host population. Figure 4 plots the cytoplasmic drive rates predicted for the four fly strains used in this study. These data are based on the model of Dobson et al (2002) , except we substitute the relative fecundity from the incompatible cross (cross 1) instead of the relative hatch rate. We did this because there are no differences in egg hatch among our crosses, but there are differences in fecundity, and the two can be modeled similarly. Figure 4 shows that, for strains Ftf1 and Z53, a fecundity difference between T and W flies is sufficient to promote an increase in Wolbachia infection without the need for CI induction. The Wolbachia infection in strains Ftf100 and Z2, however, has a neutral effect, and Wolbachia are lost from the host population due to the high rate (10%) of incomplete maternal transmission used in the model. This figure is intended to illustrate our main finding that Wolbachia infection in D. melanogaster can produce a variety of fitness effects that can both promote and hinder the spread of infection. Although these models have worked very well in D. simulans, which has Wolbachia that express strong CI (Turelli and Hoffmann, 1995) , the results presented here and elsewhere (Fry and Rand, 2002) indicate that models assuming a fitness equivalence for all matings (ie, crosses 1-4) may not be appropriate. Symbioses between Wolbachia and their hosts may be further complicated by evidence for considerable involvement of host nuclear genes in the expression of Wolbachia phenotypes (eg, Poinsot et al, 1998; Bordenstein and Werren, 2000; McGraw et al, 2001; Olsen et al, 2001; this report) . Although the competing interests of Wolbachia and such host resistance genes have been modeled previously (eg, Randerson et al, 2000) , more empirical work is needed to determine which host genes might be involved.
Our findings have implications for the evolution of the Drosophila-Wolbachia symbiosis. For vertically transmitted symbionts, natural selection will favor hosts that can suppress any parasitic phenotypes imposed by the symbiont. Similarly, selection will favor parasites that evolve traits ensuring their transmission into the next generation. Much of the literature on Wolbachia in Drosophila has focused on cytoplasmic incompatibility in D. simulans. In this species, Wolbachia achieves enhanced transmission by effectively suppressing the reproduction of uninfected females. That CI is weak or absent in D. melanogaster has been taken as indirect evidence for a longer history of association between Wolbachia and this host (Solignac et al, 1994) . This argument rests on evolutionary arguments that hostparasite evolution under vertical transmission should lead to more benign parasitic effects, and eventually to mutualistic interactions (Anderson and May, 1982; Bull et al, 1991; Turelli, 1994) . Our study of the Wolbachia-D. melanogaster symbiosis provides some of the first direct evidence for these predicted transitions between parasitic and mutualistic interactions. The Wolbachia-Drosophila symbiosis further provides a system where the phylogeny of the host species is well defined, but the hosts exhibit variation in the degree of parasitic and mutualistic phenotypes. As variation in these phenotypes is also present within species, this system offers excellent material for investigating evolutionary transitions between parasitic and mutualistic symbiont lifestyles. useful discussion regarding demography cages and mortality analyses. This research was supported by NSF grant DEB-0104912 to AJF and grants DEB-9527709, DEB-9981497, and INT-9981452 to DMR.
